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ABSTRACT 
 
 Sensors for strain measurement are indispensable for structure monitoring. 
Fiber optic sensors based on Fiber Bragg Grating (FBG) technology are found to 
be suitable for strain sensing and have a number of advantages compared to 
conventional strain gauges. Recently, we carried out a field trial with a FBG 
sensor array system on the world’s longest span suspension bridge carrying both 
trains and regular road traffic (The Tsing Ma Bridge in Hong Kong). The 
experiment was carried out with a high-speed dense-channel 
demultiplexing/interrogation system for FBG sensor arrays (DC to ~20 kHz for 
all channels simultaneously). This system is originally developed for the 
detection of high-speed events (vibration, impact location and acoustic 
emission), but in this field experiment the high readout frequency has been used 
for noise reduction by averaging to achieve sub-pm resolution. More than 20 
FBG sensors divided into 3 arrays were installed on different parts of the bridge 
(suspension cable, rocker and frame section). The goal of this field trial is to 
monitor the strain of the different parts of the bridge under railway load and 
highway load. Various measurements were performed including an overnight 
measurement of about 20 hours with a sampling frequency of about 500 Hz. The 
measurement results reveal the presence of significant higher frequency 
components in the FBG sensor signal during train passages. The results of the 
FBG sensor also compared with existing strain gauges. Although the sensors are 
not located at exactly the same location, great resemblance has been found.  
 
 
INTRODUCTION 
 
 The Tsing Ma Bridge (TMB) is the longest suspension bridge (2.2 km) in the 
world for carrying both vehicle and railway traffic. This bridge is one of the 
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three cable supported bridges in the Tsing Ma Control Area (TMCA) of western 
Hong Kong. The other two are the Ting Kau Bridge and the Kap Shui Mun 
Bridge. These 3 bridges are monitored by a conventional Wind and Structural 
Health Monitoring System (WASHMS) with about 900 sensors. The WASHMS 
is designed and operated by the Hong Kong Highways Department. The sensors 
are the early warning system for the TMB and provide the essential information 
that help the Hong Kong Highways Department to accurately monitor the 
general health conditions of the bridge, in terms of structural durability, 
reliability and integrity. Using these information, a cost-effective maintenance 
program can be designed. The sensors in the WASHMS include strain gauges, 
GPS position sensors, accelerometers, level sensors, temperature sensors and 
weight-in-motion sensors. 
 Besides the existing conventional sensors, Fiber Bragg Grating sensors are 
installed by the Photonics Research Centre of the Hong Kong Polytechnic 
University to measure vibration, strain distribution and suspension cable tension. 
The targets are to evaluate the practical implementation and application of Fiber 
Bragg Grating (FBG) based strain sensor in civil construction. The results will 
also be compared with conventional strain gauges.  
 
 
DESCRIPTIONS OF THE BRIDGE 
 
 The Tsing Ma Bridge is a double deck suspension bridge having a fully 
suspended main span supported by two portal-braced (Fig. 1), reinforced-
concrete towers via 8 rocker bearings (Fig. 2a). The upper deck has two three-
lanes highway for vehicle traffic. The sheltered lower deck includes two railway 
tracks and two single-lane emergency roadway for maintenance and ensuring 
uninterrupted traffic from/to the Hong Kong International Airport during 
typhoons when wind speed is still within acceptable level. 
 
 
 
Figure 1. The Tsing Ma Bridge. 
 
 
 The bridge deck is suspended from two main cables passing over the main 
towers and secured into massive concrete anchorages at each end. The bridge 
deck section, 41 m wide and 7.5m high, is a hybrid arrangement combining both 
longitudinal trusses and cross-frames (Fig. 2b). The main span deck and the Ma 
Wan side span deck are suspended at 18m intervals by suspension cables (Fig. 
2c) to the main cables, while the Tsing Yi side span deck is supported by three 
concrete piers spaced at 72m. 
 
 
 
        (a)      (b)     (c) 
 
Figure 2. FBGs mounted on (a) rocker bearing, (b) frame of a section and (c) suspension cable. 
 
 
 
HIGH-SPEED DEMULTIPLEXING/INTERROGATION SYSTEM FOR 
FBG SENSOR ARRAYS  
 
 In the past few years, the FBG sensor is demonstrated to be very suitable for 
strain sensing. An important advantage of a FBG sensor is that it can be easily 
surface-mounted to or embedded in different structures. The FBG sensors are 
potentially lightweight, small and can even be embedded and integrated in a 
composite structure. Furthermore, the FBG sensors are very suitable for simple 
wavelength multiplexing so that a single detection unit can be used to 
interrogate many FBG sensors in one fiber. A new demultiplexing/interrogation 
system (DEMINSYS) for FBG sensor arrays has been developed by TNO TPD 
[1]. This potentially low cost system combines a high readout frequency (about 
20 kHz) for all the FBG sensor channels with absolute measurement, and has a 
detection limit of less than 1 pm. The detection limit of the DEMINSYS for 
dynamic signal is verified with a tunable laser (New Focus 6200). The 
wavelength of the tunable laser is modulated with a frequency of 600 Hz and the 
amplitude is 0.6 pm (p-p). The spectrum of the DEMINSYS output signal is 
presented in Figure 3. The 600Hz modulation can clearly be observed in the 
spectrum and the amplitude of 0.6pm (p-p) is found to be about 25 dB higher 
than the noise level. So, detection of sub-pm wavelength shift a readout 
frequency of about 20 kHz is feasible.  
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Figure 3. Spectrum of the DEMINSYS signal. 
 
 
 The DEMINSYS is designed for Structural Health Monitoring for aerospace 
applications but is also suitable for civil structures. Other specifications of the 
DEMINSYS are: 
• Number of input fibers : 4 
• Number of FBG sensors : 32 (8 per input fiber) 
• Number of fiber input : 4 
• Resolution   : better than 1 pm* (~ 1 µε) 
• FBG channel spacing  : about 4 nm 
• Wavelength range   : 1530 nm - 1565 nm 
(* depending on sampling frequency) 
 
 For this field experiment the maximum readout frequency has been used for 
noise reduction by averaging to achieve sub-pm resolution. Since the strain 
gauges in the WASHMS has a maximum detection frequency of about 20 Hz, 
the FBG sensors can also provide information of events at higher frequencies.  
 Various measurements with FBGs on the locations shown in Figure 2 are 
performed. During the measurements, the DEMINSYS is located in the bridge 
close to the FBGs. Vibration of the bridge will cause disturbances to the 
DEMINSYS. This can be verrified by using a reference FBG. 
 
 
SUSPENSION CABLE MEASUREMENT 
 
 Two FBGs are mounted on a suspension cable close to the Ma Wan tower. 
During the installation, the fiber between the FBG is damaged and only one 
FBG can be detected. Via another input fiber, an athermal packaged FBG in a 
vibration-isolated case is used as reference. For the suspension cable 
measurement, the readout frequency is set to 0.106 ms. The results are shown in 
Figure 4. 
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Figure 4. Suspension cable tension measurement. An artificial off-set of –40 µε is applied to the 
reference FBG. 
 
 
 Train passages at t=307s and t=377s can clearly be detected by the FBG 
mounted on the suspension cable. From the signal, we can also deduce that the 
trains are running in opposite direction. In the middle of the measurement, we 
noticed the passage of heavy traffic. This corresponds to the signal at t=195s. 
 The spectrum of both signals during regular traffic (0s<t<150s) are calculated 
and displayed in Figure 5. An artificial off-set of –60 dB is applied to the 
spectrum of the reference FBG. The difference is obvious. 
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Figure 5. Comparison between the spectrum of the FBG on cable and the reference FBG. 
 
 
 Comparison between the spectrum of the reference FBG during regular 
traffic and train passages shows that the following frequencies appear when a 
train is passing by: 9.5, 11, 13, 16, 27, 42, 56, 180, 315, 600, 770 Hz. These 
frequencies are supposed to be caused by the mechanical vibration of the 
DEMINSYS. This problem can simply be solved by placing the DEMINSYS 
outside the bridge. 
 Besides the frequency peaks mentioned in the previous paragraph, the 
spectrum of the sensing FBG during train passage is expected to be different 
from that during regular traffic. Zooming in the part of the spectrum between 
10Hz and 50Hz shows an extra frequency peak at 48 Hz. This frequency cannot 
be detected by the strain gauges in the WASHMS.  
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Figure 6. Spectrum of the sensing FBG on cable calculated from the signal of Figure 4. 
 
 
ROCKER BEARIG MEASUREMENT 
 
 Various measurements with the FBGs mounted on the rocker (Figure 2a) 
were performed including an overnight measurement of about 20 hours with a 
sampling time of 2.1 ms. The data of strain gauges on the rocker are also logged. 
The results of a one-hour track are shown in Figure 7.  
 
 
0 500 1000 1500 2000 2500 3000 3500
-80
-60
-40
-20
0
20
40
60
80
100
120
Time  [s]
S
tra
in
  [
m
ic
ro
st
ra
in
]
M06-01. Upper: strain gauge SP-12. Lower: FBG-E (-60)
 
Figure 7. Comparison between FBG and conventional strain gauge on rocker. 
 In the Tsing Ma Bridge construction, the rocker is used to support and hold 
the deck. Therefore, the loading on the rocker is very complex and the strain 
depends strongly on the place of the sensor. Despite the FBGs and the strain 
gauges are not mounted on the same location of the rocker. The signals in Figure 
7 are found to be very similar and the train passages can clearly be detected. 
 
 
FRAME MEASUREMENT 
 
 An array of 12 FBG sensors are mounted on different locations of the frame 
of Section 23 (Figure 2b). The FBGs are placed close to the existing strain 
gauges for an optimal comparison. In Figure 8, the signal of a FBG is compared 
with the signal of the corresponding strain gauge. The sampling time of the FBG 
sensor is 0.0528ms. A moving average filter of 10 points is applied to the data of 
the FBG sensor and the detection bandwidth of the FBG sensor is reduced to 
about 2 kHz. The FBG sensor signal has also an arbitrary offset for display 
purpose. Although the sensors are not located at exactly the same location, great 
resemblance has been found. 
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Figure 8. Comparsion between FBG (upper) and strain gauge (lower) on frame of Section 23. 
 
 
 Zooming in the signal reveals that the noise in the FBG signal is mainly 
caused by a 13 Hz component and can be reduced by appropriate filtering or 
placing the DEMINSYS outside the bridge. The resolution is found to be about 
1 pm and can be reduced by further averaging. The effect of a moving average 
filter of 5000 point is shown in Figure 9 and Figure 10. Using such filtering, 
sub-pm/µε resolution can be achieved.  
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Figure 9. The noise in the FBG sensor signal can be reduced largely by filtering. 
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Figure 10. Using a 5000 points moving average filter, sub-pm/µε resolution can be achieved. 
 
 
CONCLUSIONS 
 
 Field trial with FBG sensor arrays for measurements on different locations 
(suspension cable, rocker and frame) of the Tsing Ma Bridge is performed 
successfully. The FBG sensor can clearly detect train passages. The passage of a 
train appears to create higher frequency components in the spectrum. The strong 
vibration caused by train passage and heavy traffic introduces extra noise 
components in the DEMINSYS signal. This can be solved by placing the system 
outside the bridge. The high readout frequency of the DEMINSYS is used for 
noise reduction by averaging. Using appropriate filtering, sub-pm/µε resolution 
can be achieved. 
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